The NASA Kepler mission has discovered thousands of new planetary candidates, many of which have been confirmed through follow-up observations. A primary goal of the mission is to determine the occurrance rate of terrestrial-size planets within the Habitable Zone (HZ) of their host stars. Here we provide a list of HZ exoplanet candidates from the Kepler Data Release 24 Q1-Q17 data vetting process. This work was undertaken as part of the Kepler Habitable Zone Working Group. We use a variety of criteria regarding HZ boundaries and planetary sizes to produce complete lists of HZ candidates, including a catalog of 104 candidates within the optimistic HZ and 20 candidates with radii less than two Earth radii within the conservative HZ. We cross-match our HZ candidates with the Data Release 25 stellar properties and confirmed planet properties to provide robust stellar parameters and candidate dispositions. We also include false positive probabilities recently calculated by Morton et al. (2016) for each of the candidates within our catalogs to aid in their validation. Finally, we performed dynamical analysis simulations for multi-planet systems that contain candidates with radii less than two Earth radii as a step toward validation of those systems.
INTRODUCTION
The last few decades have seen an extraordinary progression in the field of exoplanetary science. The rate of exoplanet discovery has continued to increase as the sensitivity to smaller planets has dramatically improved. The discoveries of the Kepler mission have had a major impact on our understanding of exoplanet orbit, size, and multiplicity distributions (Lissauer et al. 2014; Rowe et al. 2014) . The primary source of Kepler discoveries to the scientific community has been through the regular release and update of exoplanetary candidates (Borucki et al. 2011a,b; Batalha et al. 2013; Burke et al. 2014; Rowe et al. 2015; Mullally et al. skane@sfsu.edu 2015; Coughlin et al. 2016) . These discoveries have shown that the frequency of planets increases to smaller sizes; thus terrestrial planets are more common than gas giant planets Howard 2013; Petigura et al. 2013) .
The significance of a terrestrial-planet-rich universe is fully realized in the study of habitability. The Kepler mission (Borucki 2016 ) has a primary science goal of determining the frequency of terrestrial planets in the Habitable Zone (HZ): usually defined as the region around a star where water can exist in a liquid state on the surface of a planet with sufficient atmospheric pressure (Kasting et al. 1993) . Commonly referred to as eta-Earth (η ⊕ ), the frequency of HZ terrestrial planets has become a major focus of interpreting Kepler results (Catanzarite & Shao 2011; Traub 2012; Dressing & Charbonneau 2013; Gaidos 2013; Kopparapu 2013; Foreman-Mackey et al. 2014; Morton & Swift 2014; Dressing & Charbonneau 2013) . The process of determining eta-Earth requires a reliable list of HZ candidates whose properties have been adequately vetted to produce robust planetary and stellar properties.
Here we present an exhaustive catalog of HZ candidates from the Q1-Q17 Data Release 24 (DR24) candidate list, along with an analysis of the radii distributions and orbital stabilities. The work described here is the product of efforts undertaken by the Kepler Habitable Zone Working Group. The Q1-Q17 DR24 catalog heavily favors uniform vetting over the correct dispositions of individual objects, in order to be principally used to calculate statistically accurate occurrence rates. We cross-match the DR24 candidates with both revised stellar parameters and confirmed planets to provide the most complete list of HZ candidates from the Kepler mission. In Section 2 we describe the adopted boundaries for the HZ. Section 3 presents four different HZ criteria for which we present tables and statistics for candidates in each category and examine their distributions. The stability of HZ planet candidates in multiplanet systems is a necessary step in fully characterizing such planets, and we provide the results of such analyses in Section 4. Finally, we provide concluding remarks and proposals for further work in Section 5.
HABITABLE ZONE BOUNDARIES
The Kepler mission has provided several cases of confirmed planets of terrestrial size that lie in the HZ of their host star. (Borucki et al. 2012; Quintana et al. 2014; Torres et al. 2015) . The concept of the HZ has appeared in the literature for some time (Huang 1959 (Huang , 1960 Hart 1978 Hart , 1979 , but only in recent decades have complex climate models been brought to bear on the problem of quantifying the boundaries. A key conceptual development was the inclusion of CO 2 -climate feedback, introduced by Kasting et al. (1993) . (Note that this feedback was also included in the Hart (1978 Hart ( , 1979 models, but the greenhouse effect of CO 2 was underestimated and thus he concluded that frozen planets could never deglaciate.) Importantly for our purposes, the Kasting et al. (1993) model included three sets of possible boundaries. On the inner edge, these were the moist greenhouse (in which water started to be lost), the runaway greenhouse (in which the oceans evaporate entirely), and the "recent Venus" limit (based on the empirical observation that the surface of Venus has been dry for at least a billion years). On the outer edge, the proposed limits were the "1st CO 2 condensation" limit (where CO 2 condensation first occurs), the maximum greenhouse limit (where the CO 2 greenhouse effect maximizes), and the "early Mars" limit (based on the observation that Mars appears to have been habitable 3.8 Gyrs ago when solar luminosity was some 25% lower.
Since that time, these 1-D habitability limits have been re-evaluated using updated absorption coefficients for CO 2 and H 2 O . With the new coefficients, the moist and runaway greenhouse limits on the inner edge have coalesced. The "1st condensation" limit on the outer edge was abandoned well before this, because calculations suggested that CO 2 clouds should generally warm the climate rather than cool it (Forget & Pierrehumbert 1997; Mischna et al. 2000) . This conclusion has since been revised. The early CO 2 cloud studies used two-stream approximation (Toon et al. 1989) for radiative transfer -a method that evidently overestimates the transmitted and reflected radiation, thereby yielding a higher scattering greenhouse effect (Kitzmann et al. 2013 ). When Kitzmann et al. (2013) used a higher-order discrete ordinate method, DISORT, with 24 radiation streams, they found a much smaller warming. Nevertheless, CO 2 clouds still do not cool a planet strongly, and so the 1st condensation limit on the outer edge can still be ignored. Now it is often considered that there are two limits at each HZ boundary, one theoretical and one empirical. The two limits for the outer edge are nearly the same, about 1.7-1.8 AU for a Sun-like star. At the inner edge, though, the theoretical runaway greenhouse limit from the Kopparapu et al. (2014) model is 0.99 AU, whereas the recent Venus limit remains at 0.75 AU (Venus itself is at 0.72 AU). The solar flux difference between the empirical and theoretical inner edges is a factor of (0.99/0.75) 2 ∼ = 1.7; thus, it makes sense to talk about a "conservative" HZ (0.99-1.7 AU) and an "optimistic" HZ (0.75-1.8 AU). Note that, as described below, the inner edge calculated by 1-D models is almost certainly overly conservative, and 0.95 AU is a better estimate for the inner HZ boundary. These limits are shown in Figure 1 as a function of the flux from the star normalized to the flux at Earth's orbit. The boundaries vary for different stellar types because of the different albedo of an Earth-like planet under different wavelengths of stellar irradiation. HZ calculations for known exoplanet systems using these conservative and optimistic limits are available through the Habitable Zone Gallery 1 (Kane & Gelino 2012a) and described in more detail by Kane et al. (2013) . A HZ calculator is also available via the website of the Virtual Planetary Laboratory 2 . Determining which of the HZ definitions, conserva- Table 2 . These are overplotted on the conservative and optimistic HZ.
tive or optimistic, is more useful depends on the task at hand. Kasting et al. (2014) have argued that a conservative definition should be adopted for purposes of calculating eta-Earth. That is because this parameter may eventually be used to estimate the size of a future flagship telescope mission designed to find and characterize such planets. But once such a telescope is launched and returning data, a more optimistic definition may need to be adopted in order to avoid inadvertently neglecting exoplanets that lie within the broader, empirical HZ.
Some authors have proposed modifications to the HZ limits based on additional greenhouse gases (see Seager (2013) for review). Specifically, accumulation of significant amounts of molecular hydrogen (H 2 ) in a planet's atmosphere can extend the outer edge of the HZ dramatically (Stevenson 1999; Pierrehumbert & Gaidos 2011) . Molecular hydrogen condenses only at very low temperatures, and its collision-induced absorption encompasses the entire thermal-infrared spectrum (Wordsworth & Pierrehumbert 2013 ). Pierrehumbert & Gaidos (2011) showed that a 3 Earth-mass planet with 40-bar H 2 atmosphere can maintain a surface temperature of 280 K at 10 AU from a G-type star. Even free-floating terrestrial planets, with dense enough H 2 atmospheres, could remain habitable provided that they had sufficient internal heat (Stevenson 1999) . But while such far flung planets may exist, it is not clear that we should allow them to influence the design of a future direct imaging telescope to observe potential habitable planets. The contrast ratio between the Earth and the Sun is ∼ 10 −10 in the visible (Levine et al. 2006) , so an Earth-like planet at 10 AU, with a similar albedo, would have a contrast ratio 100 times smaller, making it difficult to observe. And free-floating habitable planets, which have an effective radiating temperature of ∼30 K (Stevenson 1999) , would be virtually impossible to detect remotely. So, it is better to accept a conservatively defined HZ for now, bearing in mind that some planets beyond this range might still be habitable.
It should also be recognized that the theoretical HZ limits are evolving with time as climate models improve. 3-D climate models can include factors such as relative humidity variations and clouds that are impossible to estimate accurately in 1-D calculations. A recent 3-D study by Leconte et al. (2013) shows that the inner HZ edge for a Sun-like star moves in to at least 0.95 AU because of low relative humidity in the descending branches of the tropical Hadley cells, convection cells in which air rises at the equator and sinks at medium latitudes. Another study by Wolf & Toon (2014) suggests that the inner edge can be even closer, at 0.93 AU, because of negative feedback from clouds. And Yang et al. (2013 Yang et al. ( , 2014 have argued that the inner HZ edge for synchronously rotating planets around late-K and M stars could occur at a stellar flux equal to twice that at Earth's orbit because of widespread cloudiness on their sunlight sides. Kopparapu et al. (2016) noted that, correcting Yang et al. (2013 Yang et al. ( , 2014 ) studies with consistent orbital periods, the inner edge of the HZ around M-dwarfs is further away than proposed by those studies. Nevertheless, Kopparapu et al. (2016) confirmed the substellar cloud mechanism originally proposed by Yang et al. (2013) . A recent calculation by Leconte et al. (2015) shows that atmospheric thermal tides on M-star planets can prevent synchronous planetary rotation. Such an effect can potentially jeopardize habitability if synchronization is required to ensure a sufficient albedo, but can also favor habitability by increasing heat redistribution efficiency.
A related issue concerning the inner edge of the HZ has to do with dry planets, sometimes called "Dune" planets after the science fiction novel by that name. A (low-obliquity) Dune planet would be mostly desert but would have water-rich oases near its poles. Such planets can, in theory, remain habitable closer in to its parent star because the positive feedback caused by water vapor would be much weaker in this case. Abe et al. (2011) simulated such a planet with a highly parameterized 3-D climate model and determined that the inner HZ edge for a Sun-like star could be as close as 0.77 AU, near the empirical "recent Venus" limit. More recently, Zsom et al. (2013) approached the same problem with a 1-D climate model and determined an inner edge of 0.38 AU. However, this result has been criticized by Kasting et al. (2014) , who argue that a 1-D model is not appropriate for such an inherently 3-D problem, as it does not explicitly identify regions where surface liquid water might exist.
As mentioned earlier, we suggest using conservative estimates of the HZ for planet occurrence rate studies from Kopparapu et al. (2014) . Some 3-D climate modeling studies have been used to estimate the HZ limits, but it may take time for different models to reach consensus. For this reason, in this study, we provide candidates that lie within both the conservative and optimistic estimates of the HZ from the 1-D model study of Kopparapu et al. (2014) , which encompass the limits from 3-D models.
KEPLER HABITABLE ZONE CANDIDATES
We extracted the Kepler candidates from the NASA Exoplanet Archive 3 (Akeson et al. 2013) . The associated data are current as of April 26, 2016 and are derived from the Data Release 24 (DR24) table of candidates . In order to perform the necessary calculations, we required the stellar effective temperature (T eff ) and radius (R ⋆ ), as well as the planetary parameters of semi-major axis (a) and radius (R p ). We utilize the revised stellar parameters from the Data Release 25 (DR25) stellar table (Mathur et al. 2016; Twicken et al. 2016 ) to obtain T eff and R ⋆ values, and recalculate R p and its uncertainty using the R p /R ⋆ values from DR24 and the R⋆ values from DR25. Similarly, the semi-major axes are recalculated using the DR25 M ⋆ values for self-consistency. The HZ boundaries were calculated using the methodology described in Section 2 and by Kane & Gelino (2012a) . Note that the reason cross-matching the DR24 and DR25 tables is necessary is because, although the DR25 is more recent, it only contains stellar information for the candidates. Also note that the planetary radius is not needed for the HZ calculations, but is required for the categorization process described below. We also calculate the incident flux received by the planet (F p ) in units of the solar constant:
The number of candidates for which we were able to extract all of the needed information for our calculations was 4,270. Those candidates for which there was insufficient information were noted by as likely having very low signal-to-noise and are low confidence candidates. We separate the Kepler candidates into four categories. Category 1 candidates are in the conservative HZ and have a radius of R p < 2R ⊕ . Category 2 candidates are in the optimistic HZ and have a radius of R p < 2R ⊕ . Category 3 candidates are in the conservative HZ and can have any radius. Category 4 candidates are in the optimistic HZ and can have any radius.
Clearly this means that some categories are subsets of others. For example, category 1 is a subset of category 2, and category 4 contains all of the candidates from categories 1-3. The number of exoplanet candidates in each category are 20, 29, 63, and 104 for categories 1, 2, 3, and 4 respectively. The identifiers and relevant stellar and planet parameters are shown in Tables 1, 2 Table 2 candidates (open red circles) and confirmed planets (solid blue circles) are plotted with respect to the conservative and optimistic HZ regions in Figure 1 .
Note that, even though there is a broad consensus that the boundary between terrestrial and gaseous planets likely lies close to 1.6R ⊕ (Weiss & Marcy 2014; Rogers 2015; Wolfgang & Lopez 2015) , we use 2R ⊕ as our cutoff to account for uncertainties in the stellar and planetary parameters that would remove potentially terrestrial planets from our 1 & 2 category lists. Such a safeguard is particularly relevant in light of the fact that blended binaries may cause many of the candidate radii to be underestimated Ciardi et al. 2015; Gilliland et al. 2015) . Recent observations of Kepler candidates by Kraus et al. (2016) revealed wide binary companions to the following candidates from Tables 1-4: K00087, K00571, K00701, K00854, K01298 K01422, K01431, K02418, K02626, K02686, K02992, K03263, K04016. The presence of a previously undetected companion can affect HZ boundaries within the system due to the additional source of stellar flux (Kaltenegger & Haghighipour 2012) , and also may impact the derived depth, and thus radius, of a planet candidate, if the flux from the newly detected companion is a significant fraction of the host star.
Determining the false positive rate (FPR) of Kepler candidates has been an on-going area of analysis for the past several years (Morton & Johnson 2011; Santerne et al. 2012; Fressin et al. 2013) . Results from an analysis by Désert et al. (2015) indicate a relatively low FPR of 8.8% for Kepler candidates based on Spitzer observations and other follow-up data. For candidates with periods larger than 9-12 months, additional care must be taken to avoid false positives due to spacecraft-0.8 1.2 1.9 2.8 4.2 6.2 9.1 13.7 21
Planet Candidate Radius (Earth Radii) related systematic noise, such as artifacts on specific detector channels (Tenenbaum et al. 2013; Torres et al. 2015) . Manual inspection by Coughlin et al. (2016) found that following candidates from Tables 1-4 Morton et al. (2016) uses an automated probabilistic validation to produce false positive probabilities (FPP) for most of the Kepler candidates. We include these FPPs in the final column of Tables 1-4 . Morton et al. (2016) adopts the criteria of Rowe et al. (2014) that considers candidates with a FPP<1% as validated at the 99% level. Note that the automated methodology of Morton et al. (2016) Table 1 with an FPP of 100%). Thus, a high FPP for a confirmed planet does not mean the confirmation is erroneous; rather it indicates that the information is insufficient to adequately determine the candidate disposition. It should further be noted that the Morton et al. (2016) FPPs specifically relate to astrophysical false positives linked to transits and eclipses. As such, very low signal-to-noise candidates can actually be due to instrumental noise or stellar variability and still have low FPP values.
Shown in Figure 2 are the distribution of planet radii of all the Kepler candidate planets, represented by the vertical gray bars, compared with the Kepler candidate planets of all sizes within the optimistic HZ or their host stars (Table 4) , represented by the vertical green bars. The bin edges have been set with regard to the proposed standardization of occurrence rate bins of the NASA ExoPAG Study Analysis Group 13 (private communication). The i th bin in planet radius is defined as the interval
This implies the following bin edges (rounded to 2 significant figures and in units of R ⊕ ): 0.67, 1.0, 1.5, 2.3, 3.4, 5.1, 7.6, 11, 17, 26.
We fit a power law to both distributions, represented in Figure 2 as dashed lines for all Kepler candidates and solid lines for the HZ candidates. The power law fits excluded the first two bins due to a lack of completeness in the data sample for planets smaller than 1.5 R ⊕ . We use a power law of the form
with similar notation to that used by Howard et al. (2012) , where k and α are the power law coefficients. Note that in our case N represents the total number of planets in each radius bin. Thus, this is not intended to represent completeness but rather compare directly the radius distributions between those candidates in the HZ with those from the general Kepler candidate sample. The power law fits are shown in the histograms of Figure 2 where the dashed line fit uses k = 2775 and α = −1.44, and the solid line fit uses k = 57.6 and α = −0.93. The large difference in k is attributable to the difference in population sizes. The difference in the slope of the power laws, α, would imply that smaller planets are rarer in the HZ than in the general population. However, the transit signal of terrestrial planets in this region is much harder to detect due to the fewer transits that occurred during the primary mission. Additionally, the orbital periods of planets in the HZ can often correspond with the rotation of the Kepler space-craft over a complete solar orbit, resulting in significant systematic noise. To quantify the difference in the power laws for the two distributions, we calculated the maximum-likelihood estimator (MLE) for each sample (Bauke 2007 and 1 double system (Kepler-283c) harbor these 6 candidates. For the candidates of any radii within the optimistic HZ (Table 4) , 19 are in multi-planet systems (13 dou-ble systems, 4 triple systems, and 2 quadruple system). Six of these candidates from Table 2 and four from Table 4 have been confirmed, however only a few have had a thorough dynamical stability analysis performed (Bolmont et al. 2014 (Bolmont et al. , 2015 Shields et al. 2016 ). Here we examine the orbital stability of all HZ candidates that orbit in multi-planet systems. For the small (< 2R ⊕ ) candidates, we further explore long-term stability for a wide range of plausible eccentricities and compositions.
To perform stability analyses, we first need to provide masses for the planets, as transit photometry only provides planetary radii. The candidates (at least those from Table 2 ) are too small to induce gravitational perturbations on their star or on adjacent planets, so neither radial velocity observations nor transit timing variations can be used to constrain their masses. We therefore turn to mass-radius relations of the form
where M p and R p are the mass and radius of the planet, respectively, and α is a model-dependent exponent. We tested for stability using several models for α that were derived theoretically (Valencia et al. 2006; Fortney et al. 2007; Lissauer et al. 2011 ) and empirically (Weiss & Marcy 2014) for completeness.
For two-planet systems, the criterion for stability is that their separations ∆ exceed about 3.5 mutual Hill radii (R H,Mp ) (Gladman 1993) , where
Here a is the semimajor axis, M p is the planet mass, M ⋆ is the central mass and 'in/out' subscripts represent the inner and outer planets. The two-planet system from Table 2 (Kepler-283c) and all two-planet systems from Table 4 obey this constraint, with ∆ values ranging from 19-116. For systems with more than two planets, Smith & Lissauer (2009) established a heuristic criterion of ∆ ∼ 9 between adjacent planets in order to have long-term stability on Gyr timescales. In some cases ∆ can be lower if an adjacent ∆ is higher, so they imposed a criterion of ∆ in + ∆ out > 18 for three adjacent planets. The five-planet systems from Table 2 (Kepler-186, Kepler 62, and Kepler-296) all satisfy these criteria, as do all multi-planet systems from Table 4 .
Eccentricities
For the multi-planets systems in Table 2 , we numerically explored the dynamical stability using the Mercury integration package (Chambers 1999 ) in order to examine the effect of higher eccentricities on the long-term survival of the systems. Using masses derived from the Lissauer et al. (2011) mass-radius relation, we explored stability for a full range of eccentricities assigned to the HZ candidates, simulating each case with all other planets in the system on nearly circular and coplanar orbits. Note that higher eccentricities for the candidate will likely induce, or will be a result of, planet-planet interactions, however our goal is to examine the maximum eccentricity value that could destabilize the system. We evolved each system forward in time for 10 10 orbits of the outermost planet using a time-step of 1/20 times the orbital period of the innermost planet. Constraints (upper limits) on eccentricities from these simulations are 0.3 for both Kepler-62e and f, 0.62 for Kepler-186f, 0.72 for Kepler-283c, and 0.14 and 0.16 for Kepler-296 e and f, respectively. Note that eccentric orbits for planets within the HZ can produce seasonal variations that inhibit the consistent presence of liquid water on the surface (Williams & Pollard 2002; Kane & Gelino 2012b; Bolmont et al. 2016 ).
Densities
We also explored stability for a wide range of plausible compositions for the planets with radii < 2R ⊕ . By adopting a planetary composition model, an estimate of the planet mass is obtained whilst providing insight into possible interior structures. Data from the dozens of exoplanets that have both measured masses and radii (and therefore densities), combined with theoretical models, suggest that planets with radii less than about 1.6R ⊕ are likely composed of some combination of ice, silicate rock and iron and devoid of massive gaseous H/He envelopes (Rogers 2015) . While the HZ candidates with radii closer to 2R ⊕ are likely H/He-rich sub-Neptunes, in theory they could still be rocky, as thermal evolution models predict a hard upper limit for the size of an envelopefree planet at about 2R ⊕ (Lopez & Fortney 2014) . For our stability analysis of the candidates from Table 2 , we assume the planets haven't accreted enough gas to significantly alter their radii. Using radius-composition curves from Fortney et al. (2007) , we explored the stability of these systems using compositions with different ratios of ice, rock and iron (from pure ice to pure iron). For nearly all systems, the extreme case of pure iron planets allowed long-term stability for all planets in the system. The exception is Kepler-296 in which the highest density for all planets that allowed long-term stability was a 50/50% Earth-like/iron composition. Kepler-296 is the most compact system of the multi-planet systems from Table 2 , so stability is more sensitive to higher densities.
Finally, we ran long term simulations of the multiplanet systems from Table 4 , assuming nominal masses from Lissauer et al. (2011) and nearly circular and coplanar orbits. Nearly all of the candidates from this set have sizes within 2.2-4.7 R ⊕ , so fall into the superEarth/sub-Neptune regime, with the exception of one giant planet candidate at 11.2R ⊕ . All of the systems remained stable for the duration of the simulations.
CONCLUSIONS
The Kepler mission has provided an enormous amount of data and discoveries that have enabled statistical studies of exoplanets in the terrestrial regime. Although the primary mission duration of Kepler was not as long as desired, the duration was sufficient for the orbital period sensitivity to reach into the HZ of the host stars. The primary mission goal of Kepler was thus achieved and has provideed important insights into the frequency of terrestrial planets in the HZ of late-type stars.
Here we have provided a concise description of HZ boundaries and provide a catalog of Kepler candidates that lie in the HZ of their host stars. The four different categories of candidates allow the reader to adopt the criteria that are most useful for a particular followup program. For example, giant planets in the optimistic HZ (Table 4 ) may be useful for those interesting in HZ exomoons where a wider range of incident flux can account for additional energy sources from tidal energy, etc (Heller & Barnes 2013; Hinkel & Kane 2013) . Our analysis of the radii distributions for candidates in the HZ compared with the general candidate population shows that the two are very similar within the constraints of selection effects and systematic noise that impacts longer-period terrestrial planets. Our dynamical stability simulations are consistent with all of the multiplanet systems with a planet in the HZ being stable for reasonable assumptions regarding the planet densities and compositions.
Recall that the HZ is primarily a target selection tool rather than any guarantee regarding habitability. Similar catalogs, such as the Catalog of EarthLike Exoplanet Survey Targets (CELESTA) provided by Chandler et al. (2016) are intended for the design of further missions and observing strategies that will ultimately lead to detailed exoplanet characterization. The utility of catalogs such as the one provided here is to inform the community of the distribution of planetary objects that occupy the HZ and encourage further follow-up and validation of the candidates that remain to be confirmed.
